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ABSTRAm 

The observed vec tor  magnetic f i e l d  of  an  a c t i v e  reg ion  (NOAA 

AR 2684 on 2 3  September 1980) is analyzed f o r  non-potent ia l  

f e a t u r e s .  F o r  t h i s  a c t i v e  region, t h e r e  i s  a unique 

complementary set of observat ions e s p e c i a l l y  w e l l  s u i t e d  f o r  

s tudy  of t h e  vec to r  f i e l d :  vector magnetograms from MSFC, Ly- 

a lpha  and 1600 A UV continuum photographs from t h e  LPSP/LPARL 

T r a n s i t i o n  Region Camera flown on a r o c k e t ,  and Ha f i l t e r g r a m s  

from the Herzberg I n s t i t u t e  of Astrophysics  and from t h e  USAF 

S o l a r  O p t i c a l  Observing Network. The non-potent ia l  a s p e c t s  of 

t h e  magnetic f i e l d  a r e  brought ou t  by comparing t h e  observed 

pho tosphe r i c  vec to r  f i e l d  w i t h  observed chromospheric f i b r i l s  and 

w i t h  computed p o t e n t i a l  and l i n e a r  f o r c e - f r e e  f i e l d s .  The main 

f i n d i n g s  a r e :  

1. The o v e r a l l  b i p o l a r  magnetic f i e l d  of t h e  a c t i v e  region 

had a n e t  t w i s t  corresponding t o  ne t  c u r r e n t  f lowing a n t i -  

p a r a l l e l  t o  t h e  f i e l d .  The average d e n s i t y  of t h i s  ne t  c u r r e n t  

w a s  of o r d e r  4 x 

3 x 1012 amp. 

amp m-2; t h e  t o t a l  n e t  c u r r e n t  w a s  of o rde r  

2 .  I n  t h e  i n t e r i o r  of t h e  a c t i v e  reg ion ,  t h e r e  were t h r e e  

r eg ions  of enhanced non-potent ia l i ty .  I n  one of t h e s e  reg ions ,  

d i f f e r e n c e s  i n  d i r e c t i o n  between t h e  photospher ic  t r a n s v e r s e  

f i e l d  vec to r  and t h e  H-alpha f i b r i l s ,  and between t h e s e  and t h e  

Ly-alpha f i b r i l s ,  showed t h a t  the f i e l d  had a marked non- 

p o t e n t i a l  t w i s t  o r  shear  w i t h  he igh t  above t h e  photosphere.  
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3 .  At least two of the three local regions of enhanced non- 

potentiality were sites of flares that occurred within a few 

hours of the time of the field observations. One of the flare 

sites was the region of vertical magnetic shear. 

4 .  The total non-potential magnetic energy stored in a 

global sense in the active region was measured to be of order 

l o 3 *  erg, which was about 3a above the noise level. 

that the uncertainty in the vector field measurements must be 

substantially reduced in order to confidently measure the buildup 

and release of magnetic energy in any but the very largest 

flares. 

This shows 

Subject headings: Sun: magnetic fields--- Sun: flares--- 

Sun: chromosphere --- Sun: corona 
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Bon-Potential Features Observed i n  the Magnetic F ie ld  

of an Active Region 

I. INTRODUCTION 

It is now clear that the structure of an active region is 

determined largely, if not entirely, by the structure of the 

magnetic field and that the field topology above the photosphere 

is determined principally by the distribution of magnetic flux in 

the photosphere (c-f., Stenflo 1983: Priest 1982: Orrall 1981 for 

overviews). Although high resolution microwave interferometry is 

beqinning to be used to observe magnetic structures high above 

the photosphere (i.e-, in the corona), to interpret such 

observations in terms of coronal magnetic field strengths and 

topology it is still necessary to assume a model for the coronal 

field and plasma (c.f., Holman and Kundu 1985). In comparison, 

methods €or determining the photospheric magnetic structure are 

well established (Harvey 1977). These methods depend on 

measurements of the Zeeman effect in photospheric spectral 

lines. While lines formed at different heights in the lower 

solar atmosphere have been used to infer the three-dimensional 

structure of magnetic fields (Giovanelli and Jones 1982: Kotov 

1971), the range of heights is quite small (<lo00 km) compared to 

the height reached by the magnetic field lines (c. f., x-ray 

images). To infer the large scale three-dimensional structure at 

greater heiqhts, it is necessary to extrapolate from the magnetic 

field distribution in the photosphere: this is done iising 

mathematical methods to solve the maqnetostatic problem of 
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determining the magnetic field as a function of (1) observed 

boundary conditions on the surface (the photosphere) and (2) some 

assumed distribution of electric currents above the 

photosphere. The constructed three-dimensional magnetic field 

line model may then be compared with field line "tracers", like 

fibrils and loops observed in the chromosphere and corona of 

active regions. 

Excellent summaries of methods to extrapolate solar magnetic 

field lines from photospheric magnetograms and suggested 

prescriptions for comparing such models to observations are given 

by Levine (1975,1976). If all of the currents giving rise to the 

magnetic field are subphotospheric, the field in the photosphere 

and above is a potential Field, the state of minimum magnetic 

energy. Its three-dimensional structure is uniquely determined 

by the photospheric distribution of either B the longitudinal 

component, or Rt, the transverse component (Schmidt 1964: Sakurai 

1982: Hannakam, Gary and Teuber 1984). If there are electric 

currents in the photosphere and above and if the current 3 is 

2'  

everywhere parallel to $, the magnetic field, the configuration 

is called "force-free" since 3 x 6 = 0 :  in this situation 

v x 8 =  l.1~3 = a 8 ,  where a is a scalar and l.~ 

amp'l. Except in dynamic events, i.e. flares, the field should 

be very nearly force-free above the photosphere in active regions 

because the magnetic pressure greatly exceeds the gas pressure. 

If a is constant independent of the spatial coordinates, then 

Once again B 

dimensional structure of the magnetic field for a given a, 

= 4~x10'~ G m 
0 

and/or Rt on the photosphere determines the three- 2 
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(Nakagawa and Raadu 1972: Chiu and Hilton 1977: Alissandrakis 

1981: Hannakam, Gary and Teuber 1984). In all likelihood a is a 

not a constant everywhere within an active region. Methods are 

now being developed to calculate non-constant alpha solutions 

(Sakurai 1979, Sakurai 1981, Pridmore-Brown 1981, and Wu 1984), 

but  are not yet a proven tool for the solar physicist. 

It is now possible to measure all three components of the 

photospheric magnetic vector field; a vector magnetograph is in 

operation at the NASA Marshall Space Flight Center (MSFC; Hagyard 

et al. 1982; Haqyard, Low and Tandberg-Hanssen 1982). From the 

longitudinal component of the observed vector field, three- 

dimensional fields can be computed and compared with fieldline 

tracers above the photosphere. In addition, the computed 

transverse field in the photosphere can be directly compared with 

the observed transverse field. Potential and force-free models 

with such comparisons show where in the active region and to what 

degree the observed field is non-potential. Alternatively, the 

observed transverse field can be analyzed directly for the 

presence of currents entering or leaving the photosphere (Haisch 

et al. 1986, deLoach et al. 1984). In this paper, we use the 

cornparision method; we examine the non-potentiality of a 

particular active region by comparing the observed photospheric 

transverse field and observed chromospheric field tracers with 

potential and linear force-free fields computed from the observed 

lonqitudinal field. The effect of the net total current is 

investigated. Hence, the large-scale (global) structure of the 

magnetic field is investiqated instead of the 'fine' scale 

structure at the resolution limit of the observations. 
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Empirically, the magnetic field configurations of active 

regions can be classified into three general categories: (1) a 

simple bipolar magnetic structure closely satisfying a potential 

configuration and having no recent flaring history; (2) a complex 

(more than two polarity concentrations), non-potential 

configuration showing magnetic shear and having an active flare 

history (Hagyard et al. 1984); and (3) an intermediate case which 

may have a complex polarity structure and a flare history, but 

which has a largely potential magnetic field configuration. 

study concerns itself with such an intermediate case: active 

region NOAA AR 2684 (Hale 17145) on 23 September 1980. 

This 

The active region 9 R  2684 appeared on the east limb on 17 

September as a small growing bipolar region. When it was near 

disk center on the 23rd, the region obtained maximum area and 

flarinq activity (Solar-Geophysical Data 1983; McGovern et al. 

1981). On the 23rd at least 5 flares occured, all of sub-X class 

in soft x-ray f l u x  observed by the GOES spacecraft: early in the 

day, two class C flares occurred at 0220 and 0239 UT, a class M 

flare occurred at 0441 UT, and at 1735 and 1745 UT two class C 

flares occurred. On this day, the active region (a Bp group) had 

a strong positive maqnetic flux area with a full-fledged sunspot 

preceding westward of several smaller sunspots associated with 

the negative complex (see Figures 1 and 2). 

Cluestions motivating this case study are: 

(1) To what degree is the magnetic field non-potential on 

the overall scale of the active region? 
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(2) What is the size, location, and context of the 

strongest non-potential features within the active region? 

(3) What is the relation of the non-potential features to 

the flares? 

These questions are studied in the context of potential and 

linear force-free fields computed from the observed photospheric 

longitudinal field in the active region. 

I1 - OBSERVATIONS 

(a) The Coordinated Data Set 

For this study we have available a unique coordinated data 

set consistins of vector magnetograms, H-alpha photographs and 

high resolution ( 1") images of the Sun in Lyman-alpha and in the 

1600 ultraviolet continuum. 

The MSFC vector magnetograph (c.f., Hagyard et al. 1982 for 

a description of the instrument) obtained several maps of the 

active region between 1S:OO and 20:30 UT on 23 September 1980. 

We have selected for analysis the vector magnetogram obtained at 

1 5 : O O  UT, the time of best seeing. The spatial resolution of 

the magnetogram is set by the 2.5" pixel size of the 

magnetograph. The longitudinal and transverse photospheric 

magnetic field components were determined in each pixel in the 5 '  

square field of view centered on the active region. The l-sigma 

uncertainty in the magnetic field strenqth is SO G fo r  the 

longitudinal field B and 75 G for a single component of the 

transverse field Bt; these are the standard deviations of the 

field in the weak field regions of the magnetogram ( (B1<200 G )  

R 



H-alpha photographs of the active region were taken a t  the  

Ottawa Observatory f r o m  19:40 t o  20:02 UT. Both line-center and 

off-band (H-alpha -1.4 a )  photographs were obtained. The 

observed H-alpha l i n e  center emission or iqinates  i n  the 

chromosphere a t  heights of 1,000-10,000 km above the photosphere 

whereas the l i ne  wing a t  more than 1 A from l i n e  center i s  formed 

much lower, between the photosphere and the temperature m i n i m u m  

(Vernazza, Avrett and Loeser 1981); so, t ha t  on the average, much 

higher s t ructures  a re  seen a t  l i ne  center than i n  the f a r  wing. 

The differences between the off-band and l i ne  center images are  

apparent i n  Fiqure l a  and IC. 

The Lyman-alpha and 1600 A continuum images (Figure I d  and 

lb, respect ively)  a re  filtergrams obtained by the Transit ion 

Region Camera ( T R C ) ,  a 10 cm diameter telescope, b u i l t  by the 

Laboratoire de Physiuue S te l l a i r e  e t  Plangtaire ( L P S P )  and flown 

on a NASA Rlack Brant rocket a s  par t  of a col labarat ive 

experiment w i t h  the Lockheed Palo Alto Research Laboratory 

( L P A R L ) .  These observations have been described i n  d e t a i l  by 

Haisch e t  a l .  (1986) and Foing and Bonnet (1984a,b) and 

references therein.  These filtergrams are  par t  of a s e t  of 20 

such images, each covering almost the en t i r e  solar  d i s k ,  taken 

durinq the -5 minute rocket f l igh t  a t  -20:30 U T  on 23  September 

1980. The Ly-alpha chromospheric images a re  diffused due t o  

resonant scat ter ing by opt ical ly  thick coronal hydrogen (Haisch 

e t  al. 1986). 

The off-band H-alpha (Figure l a )  shows a large,  leading 

sunspot of posi t ive polar i ty  a t  the top (west) which has a ra ther  
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s imple  c o n f i g u r a t i o n .  The negat ive  p o l a r i t y  r e g i o n  a t  t h e  bottom 

(eas t )  shows a number of smaller, a s s o c i a t e d  sunspo t s  and pores  

w h i c h  can be i d e n t i f i e d  w i t h  f e a t u r e s  i n  the magnetogram of the 

a c t i v e  r eg ion  (F igu re  2). Figure 2 shows t h e  t o t a l  magnetic 

f i e l d ,  the l o n g i t u d i n a l  f i e l d ,  and the t r a n s v e r s e  f i e l d .  The 180 

degree  ambigui ty  of t h e  t r a n s v e r s e  d a t a  ( c . f . ,  Hagyard e t  a l .  

1983) has been  reso lved  by assuming t h a t  the t r a n s v e r s e  f i e l d  i s  

d i r e c t e d  away from the mean cen te r  o f  t h e  p o s i t i v e  f i e l d  and 

toward one or the  o t h e r  major mean n e g a t i v e  c e n t e r s  as determined 

by minimum d i s t a n c e .  

A check on t h e  v a l i d i t y  of o u r  v e c t o r  f i e l d  measurements  can  

be made by us inq  the fol lowing gene ra l  r e s u l t  f o r  non- l inear  

f o r c e - f r e e  f i e l d s  (Aly 19848 Molodensky 1974). For any i s o l a t e d  

f o r c e - f r e e  f i e l d  having n e t  zero f l u x ,  such  as an a c t i v e  reg ion ,  

there i s  t h e  fo l lowing  r e l a t i o n  between B L  and Bt on t he  source 

s u r f a c e ,  t aken  here t o  be the x - y  p lane :  

i . e . ,  t h e  i n t e g r a t e d  squared l o n g i t u d i n a l  f i e l d  i s  equal  t o  t h e  

i n t e g r a t e d  squared t r a n s v e r s e  f i e l d  on t h e  pho tosphe r i c  

s u r f a c e .  T h e  measured n e t  f lux  i n  t h e  magnetogram w a s  z e r o  t o  

w i t h i n  t h e  no i se .  I n t e g r a t i o n  over  the magnetogram s a t i s f i e d  Eq. 

(1) t o  w i t h i n  10 percen t .  This g i v e s  u s  conf idence  tha t  w e  

measured the  f i e l d  v e c t o r  reasonably w e l l  ove r  t h e  b u l k  of  t h e  

a c t i v e  r eg ion .  
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The s p o t  s t r u c t u r e  is also v i s i b l e  i n  the 1600 A image 

( F i g u r e  l b ) .  The f o r m a t i o n  of the u l t r a v i o l e t  continuum has been 

d i s c u s s e d  i n  d e t a i l  by Haisch e t  a l .  (19861, Haisch and B a s r i  

(19851, and Foing and Bonnet (1984a,b) ,  i n  t h e  c o n t e x t  of t h i s  

s a m e  data set: by Cook e t  a l .  (1983) for  a s imi l a r  set  of 

o b s e r v a t i o n s  made by t h e  NFL High Resolu t ion  Telescope and 

Spec t rograph;  and by Vernazza e t  a l .  (1976, 1981) ,  Samain (1980) ,  

and A v r e t t  (1985) i n  t h e  contex t  of model atmospheres.  I t  i s  the 

tempera ture  minimum reg ion  of the solar atmosphere t h a t  w e  are  

obse rv ing  a t  t h i s  wavelength--several hundred kilometers above 

the l e v e l  of the solar  atmosphere seen  i n  F igu re  l a .  There are  

numerous discrete  b r i g h t  po in t s  t ha t  appear  a t  1600 A on ly  w i t h i n  

the a c t i v e  region:  t h e s e  resemble Ellerman bombs ( T .  Tarbe l l ,  

p r i v a t e  communication) although there  are  many more of t h e s e  

b r i g h t  p o i n t s  a t  1600 A t h a n  a r e  seen  i n  t h e  wing of H-alpha. As 

a working hypo thes i s  w e  associate an  a r b i t a r y  s e l e c t e d  set  of 

b r i g h t  p o i n t s  w i t h  f o o t p o i n t s  o f  the observed f i b r i l s  ( c .€ . ,  

K i t a i  and Muller (1984) for  a r e c e n t  d i s c u s s i o n  of a c t i v e  req ion  

f i n e  s t r u c t u r e ) .  A br ight  po in t  and a f i b r i l  roo ted  i n  or  nex t  

t o  the b r i g h t  p o i n t  might be consequences o f  a t i n y  b i p o l e  seated 

a t  t he  b r i g h t  p o i n t .  

( b )  T h e  F i b r i l  S t r u c t u r e  and the Magnetic F i e l d  

F i b r i l  s t r u c t u r e  i n  t h e  a c t i v e  r eg ion  i s  c l e a r l y  v i s i b l e  i n  

H-alpha ( F i g u r e  I C )  and can also be seen  i n  Lyman-alpha ( F i g u r e  

I d ) :  presumably t h e  f i b r i l s  d e l i n e a t e  the magnetic f i e l d  l i n e s  i n  

the chromosphere. ‘We assume t h a t ,  though i n d i v i d u a l  f i b r i l s  



change on a time scale  of 2 0  minutes, the magnetic features  

delineated a t  any specf ic  time have a much longer persistance.  

While the separation of the source layers for  Lyman-alpha and H- 

alpha i s  not large i n  a planar model atmosphere ( 500-1000 km; 

Vernazza e t  a l .  19811, the  actual difference i n  heiqht of 

pa r t i cu la r  H-alpha and Lyman-alpha f i b r i l s  var ies  great ly  from 

case t o  case and can be much more than 1,000 km. Figures l a  and 

l b  and other photographs ( c . f . ,  Bonnet e t  a l .  1980) c lear ly  show 

Lyman-alpha emittinq maqnetic s t ructure  a t  heights greater  than 

10,000 km--far above the height of formation of Lyman-alpha i n  a 

ve r t i ca l ly  s t r a t i f i e d  atmospheric model. Typically, H-alpha and 

Lyman-alpha f ibr i ls  a re  intermixed a t  heights of 1 , 000-10,000 k m ,  

with the Lyman-alpha f ibr i ls  extending somewhat higher than the 

Y-alpha f i b r i l s  on the average. 

H-alpha and Lyman-alpha f ibr i ls  traced from the photographs 

a r e  drawn on the magnetogram i n  Figure 3a. A l s o  shown are  the 

posi t ion of par t icu lar  br ight  points from the 1600 A continuum 

photoqraph; these p o i n t s  were selected as  candidate footpoints 

€or the f i b r i l s .  The f i b r i l s  appear t o  be f a i r l y  f l a t  arches 

w i t h  heights  much less  than their  lenqths. This is  reasonable 

because m o s t  of the f i b r i l s  e i ther  span the neutral  l i ne  and are  

rooted near the neutral  l i ne  o r  a re  rooted near the sunspots on  

the s ide facing the neutral  l ine.  Hence the f i b r i l s  l i e  on the 

f i e l d  l i nes  tha t  s h o u l d  be predominently transverse.  That the  

averaqe measured incl inat ion o f  the photospheric vector magnetic 

f i e l d  was 2 9  degrees €or 300<9<1000 G a l so  indicates  t ha t  maximum 

height reached should be less  than half  the span, a ra ther  f l a t  

configuration. 
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Many of the Lyman-alpha f ibri ls  i n  Figure 4a a re  longer than 

the  nearby H-alpha f i b r i l s  and appear t o  arch above the H-alpha 

f i b r i l s .  For the most pa r t ,  neighboring H-alpha and Lyman-alpha 

f i b r i l s  r u n  para l le l ,  but i n  a few places H-alpha f i b r i l s  are  

de f in i t e ly  crossed by Lyman-alpha f ib r i l s .  One such place, which 

we w i l l  c a l l  region A ,  i s  marked by the  arrow i n  Figure 3a; 

another i s  i n  the lower l e f t  quadrant of Figure 3a. The crossing 

indicates  twisting o r  shearing of the magnetic f i e l d  with 

height .  Because the Lyman-alpha f i b r i l s  t o  the lower l e f t  a r e  

longer than those of region A,  they probably arch futher above 

the underlying H-alpha f i b r i l s ,  than those a t  A. So, the  ra te  of 

shear w i t h  height i s  probably greater  a t  s i t e  A.  

We now examine t h i s  f ie ld  s t ructure  fur ther  by overlaying 

the photospheric transverse maqnetic f i e l d  vector measurements as  

shown i n  Fiqure 3b. I n  region A there  i s  a -30 deqree rotat ion 

between the transverse f i e ld  and the H-alpha f i b r i l s ,  and then 

another -30 degree r o t a t i o n  between the H-alpha f i b r i l s  and the 

Lyman-alpha f i b r i l s .  Because the measured photospheric 

t ransverse f i e ld  exceeds 2 0 0  G ,  i . e . ,  i s  well above threshold, 

throughout area A and has a uniform direct ion over t h i s  area,  we 

are  confident t ha t  the measured direct ion i s  accurate t o  be t t e r  

than f 1 0  degrees. Other vector magnetograms obtained a t  MSFC as  

l a t e  as  2 0 : 3 0  U T  on the same day showed no detectable chanqe i n  

the magnetic f i e ld  f r o m  t ha t  presented here.  Region A i s  

exceptional i n  the deqree of difference i n  alignment both between 

the H-alpha and Lyman-alpha f i b r i l s  and between the f i b r i l s  and 

the transverse photospheric f ie ld ;  i n  most other areas a l l  three 
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d i r e c t i o n  i n d i c a t o r s  are more near ly  a l igned .  T h u s ,  i n  reg ion  A,  

t h e  f i e l d  i s  appa ren t ly  m o r e  non-potent ia l  t han  i n  most o t h e r  

a r e a s  of the a c t i v e  region.  

(c) F l a r e  S i t e s  

Of t h e  f i v e  f l a r e s  t h a t  occurred i n  AR 2684 on t h i s  day, w e  

have been a b l e  t o  f i n d  Ha photographs of only two, t h e  s u b f l a r e s  

a t  1735 U T  and 1745 TJT. These photographic  obse rva t ions  a r e  from 

t h e  SOON Observatory a t  Holoman A i r  Force B a s e ,  New Mexico. 

The Ha photograph of t h e  a c t i v e  reg ion  a t  1745 UT i s  shown i n  

F igure  4 o v e r l a i d  w i t h  the  n e u t r a l  l i n e  and contours  of our 

l o n g i t u d i n a l  maqnetoqram. 

The f l a r e  of 1735 U T  w a s  sea ted  i n  region A .  A t  1745 U T ,  

t h i s  f l a r e  w a s  f a d i n s  i n  H a  b r i s h t n e s s  b u t  was s t i l l  n o t i c e a b l e  

a s  can be seen i n  Figure 4 .  That a f l a r e  occurred i n  region A i s  

f u r t h e r  evidence t h a t  t h e  magnetic f i e l d  i n  reg ion  A was non- 

p o t e n t i a l .  

T h e  f l a r e  of 1745 U T  i s  the o t h e r  b r i g h t  f e a t u r e  i n  Figure 

4 ,  t h e  one on t h e  nega t ive  p o l a r i t y  s ide of the  major n e u t r a l  

l i n e .  A s  we w i l l  show, t h e  maqnetic f i e l d  had a l o c a l  maximum of 

n o n - p o t e n t i a l i t y  i n  t h i s  a r e a  comparable i n  magnitude t o  t h a t  i n  

reg ion  A .  

111. POTENTIAL FIELD MODEL 

We now f u r t h e r  examine the non-po ten t i a l i t y  of t h e  a c t i v e  

reg ion  by computing t h e  p o t e n t i a l  magnetic f i e l d  from t h e  

observed l o n g i t u d i n a l  f i e l d  and comparing t h i s  p o t e n t i a l  f i e l d  
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with the  observed transverse photospheric f i e l d  and the observed 

f i b r i l s .  

I f  one assumes tha t  the f i e ld  a t  the  photospheric surface 

and above i s  poten t ia l ,  then the d i s t r ibu t ion  of the photospheric 

longitudinal f i e ld  is suf f ic ien t  information t o  determine the 

vector f i e l d  everywhere above the  photosphere and on the  

photospheric surface as  well. We can therefore  d i r ec t ly  compare 

the computed poten t ia l  transverse f i e l d  with the observed 

t ransverse f i e l d ;  t h i s  i s  clone i n  Figure Sa, where the computed 

transverse vectors a re  shown a s  arrows and the  observed 

transverse vectors a re  the l i n e  segments without arrowheads. 

Figure Sa shows tha t  on scales resolved by our magnetograph 

(2, 4 " ) ,  the  maqnetic f i e ld  of t h i s  ac t ive  region was only mildly 

non-potential. That i s ,  although there  a re  s ign i f icant  

differences from the potential  f i e l d ,  the overa l l  pat tern of the 

observed transverse f i e ld  i n  Figure Sa i s  s imilar  t o  tha t  of the 

poten t ia l  f i e ld .  The alignment of the observed f i e l d  with the 

po ten t i a l  f i e l d  is  closest  i n  and around the  large leading 

sunspot, including region A .  The differences i n  direct ion 

between observed and potential  transverse vectors a re  greater  

alonq the  neutral  l i ne  and i n  the Following (neqative po la r i ty )  

domain of the act ive region, b u t  r a r e ly  exceed 45  degrees. We 

a l so  see ,  t ha t  along the neutral l i ne  and i n  the negative 

po la r i ty  domain, the angular deviations of the  observed vectors 

from the poten t ia l  vectors are predominantly clockwise. This 

corresponds t o  net e l e c t r i c  current flowing upward through the 

photosphere i n  the negative polar i ty  domain and indicates  t ha t  
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the magnetic field was somewhat non-potential on the overall 

scale of the active region. 

We can also use the potential field to examine whether 

projection effects produced the misalignment between the 

chromospheric fibrils and the photospheric transverse field seen 

in region A in Figure 3b. We do this by computing the potential 

field lines from the assumed footpoints of the observed fibrils, 

i.e., from the 1600 4 hriuht points shown in Figure 3. We use 

the methods of Wellck and Nakagawa (1983) and Alissandrakis 

(1981) for force-free magnetic €ield computation, and we 

set a = 0 for  the potential (current-free) case. These are shown 

projected onto the photosphere in Figure 5’0,  and are seen to co- 

align quite well with the photospheric potential transverse 

field. Hence the disaqreement of the direction of H-alpha and 

Lyman-alpha fibrils with direction of the photospheric transverse 

field in region A appears to be non-potential in origin rather 

than being the result of projection. 

Another way to display the non-potentiality of the active 

region is with the residual field, the observed transverse vector 

field minus the potential transverse vector field (Hagyard, Low 

and Tandberq-Hanssen 1981). The greater the residual field, the 

more non-potential the observed field. The residual field in the 

interior of the active reqion is shown in Fiqure 6. The shortest 

vectors drawn are €or 200 Gauss. Since the uncertainty in the 

observed transverse field w a s  about 100 Gauss, Fiqure 6 shows 

that the magnetic field was measurably non-potential over more 

than half of the area in the interior of the active region. We 
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also see that there were three local areas of noticeably enhanced 

non-potentiality. One of these is region A,  the site of the 

subflare of 1735 UT. Another is the site of the other subflare 

shown in Figure 4, the one that occurred at 1745 UT. The third 

and strongest area of non-potentiality covers the bend in the 

neutral line in the lower part of Fiqure 6 .  We do not know if 

this was the site of any of the other three flares that occurred 

in the active region on this day. 

IV- NON-POTENTIAL FORCE-FREE MODEL 

(a) Predicted versus Observed Transverse Field 

The observation of the transverse field allows calculation 

of the electric vertical current density. Calculation of the 

vertical electric current density from the transverse vector 

aBY ax - p O J z  ) has been carried out field measurements (i.e., - - - - 
by a number of authors (Moreton and Severny 1968: deLoach et al. 

1983; Krall et al. 1982: Haqyard, West, and Smith 1984). The 

a B x  
aY 

electric current calculated for this region has heen siven by 

Haisch et al. (1986). Eowever the limited spatial resolution and 

measurement noise €or the transverse field limit the range of 

current density that can be detected. The size of the individual 

electric current elements could be well below the resolution of 

the magnetograph (Rabin and Moore 19(35). In any case, fine-scale 

magnetic structures below the resolution of the magnetograph 

( - 4 " )  can affect the g loba l  field of an active region. In 

addition, horizontal currents cannot be directly calculated at 

all from photospheric vector magnetograms alone. But, the effect 
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of the  t o t a l  c u r r e n t  system, the  sum of  both the v e r t i c a l  and 

h o r i z o n t a l  components, c a n  be seen  i n  t h e  p a t t e r n  of t h e  observed 

pho tosphe r i c  t r a n s v e r s e  f i e l d  ( c . f .  Hagyard, Low, and Tandberg- 

Hanssen 1981) .  H e r e  w e  s tudy  t h i s  t o t a l  e f fec t  of  t h e  c u r r e n t  

system by examining the observed pho tosphe r i c  t r a n s v e r s e  f i e l d  

p a t t e r n  and t h e  observed f i b r i l  p a t t e r n  f o r  d i f f e r e n c e s  and 

agreement wi th  c o n s t a n t  a lpha  non-potent ia l  f o r c e - f r e e  f i e l d s .  

We now apply  the force- f ree  model t o  c a l c u l a t e  cons tan t -a  

f i e l d s ;  i n  F igu re  7 w e  show an in te rcompar ison  of t h e  p r e d i c t e d  

t r a n s v e r s e  photospher ic  magnetic f i e l d  de r ived  from t h e  observed 

l o n g i t u d i n a l  f i e l d  and the assumption of  a c o n s t a n t  a f o r  t h e  

p o t e n t i a l  ca se  ( a  = 0 )  and for  t w o  non-potent ia l  cases, a = -1.0 

and -2.0 i n  u n i t s  of 2 ~ / L = O . 2 7 x l O - ~ m - l ,  where L i s  t h e  s i z e  of  

the magnetogram on t h e  Sun i n  k i l o m e t e r s .  ( T h e  procedure of  

A l i s s a n d r a k i s  (1981) w a s  employed f o r  > 1 wi th  t h e  f i e l d  

dec reas ing  e x p o n e n t i a l l y  w i t h  z . )  Negative va lues  of  a a r e  

r e q u i r e d  t o  produce t w i s t  i n  t he  s a m e  d i r e c t i o n  as t h a t  s e e n  i n  

t h e  observed f i e l d  (F igu re  2d) and noted i n  F igure  S a .  Comparing 

t h e  p r e d i c t e d  t r a n s v e r s e  f i e l d  f o r  a = -2.0 wi th  t h e  observed 

t r a n s v e r s e  f i e l d  (see Figure  2d) ,  w e  f i n d  t h a t  t h e  o v e r a l l  t w i s t  

of  t h e  observed f i e l d  is c l e a r l y  less than  t h a t  of 

the a = -2.0 f i e l d :  t h i s  implies  an upper l i m i t  t o  the average  

l a r g e  s c a l e  c u r r e n t  d e n s i t y  of 8 . 6 ~ 1 0 - ~  amps III-~ f o r  the  t o t a l  

r e g i o n ,  assuming a n  average f i e l d  of  200 G a u s s .  This  c u r r e n t  

d e n s i t y  i s  a n  upper l i m i t  f o r  the  o v e r a l l  n e t  c u r r e n t  i n  t h i s  

a c t i v e  r eg ion  and i s  a n  o rde r  o f  magnitude less t h a n  t h e  

l o c a l i z e d  peak va lues  found d i r e c t l y  from the c u r l  of  B i n  t h i s  

a c t i v e  r eg ion  by Haisch e t  a l .  (1986) .  

1.1 
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The v a l u e  of a = -1.0 gives a t r a n s v e r s e  f i e l d  t w i s t  

comparable t o  tha t  of t h e  observed t r a n s v e r s e  f i e l d  ( F i g u r e  

2 d ) .  

4~10'~ amp m-2 and a t o t a l  n e t  c u r r e n t  of o r d e r  3x1Ol2 amp 

f lowing  from t h e  nega t ive  p o l a r i t y  domain t o  t h e  p o s i t i v e  

p o l a r i t y  domain of  t h e  a c t i v e  reg ion .  

( b )  E f f e c t  o f  Alpha on F i e l d  Lines  

T h i s  corresponds t o  an  average n e t  c u r r e n t  d e n s i t y  of  o r d e r  

N e x t  w e  take a range of  a of  f l . O  (=  f0.27 x 10'' m - l )  and 

look m o r e  c l o s e l y  a t  t h e  e f f e c t  o f  a on t h e  angu la r  r o t a t i o n  of 

t h e  p r e d i c t e d  t r a n s v e r s e  f i e l d  a t  each p o i n t .  I n  F igure  8a w e  

show t h e  t r a n s v e r s e  azimuth v a r i a t i o n  f o r  a = -1.0 and +1.0. 

T h i s  shows t h a t  t h e  azimuth d i r e c t i o n  f o r  t h e s e  va lues  of a can 

va ry  by  as  much as 2 0  degrees  from the  p o t e n t i a l  f i e l d  

d i r e c t i o n .  This  i s  comparable t o  t h e  range of  a n g l e s  s e e n  f o r  

t h e  observed f i e l d  i n  Figure 5a. I n  F igure  8b w e  show the  e f f e c t  

of  t h i s  same range of a on t h e  p r o j e c t e d  f i e l d  l i n e s ,  which aga in  

have been gene ra t ed  a t  t h e  s e l e c t e d  f o o t p o i n t s  corresponding t o  

the  1600 A b r i g h t  p o i n t s .  

( c )  Sign-of-a Maps 

W e  c a n  u s e  the  above azimuth dependency on a t o  a s s i g n  the 

s i g n  o f  a lpha  corresponding t o  the  d i r e c t i o n  of the  observed 

t r a n s v e r s e  f i e l d  p o i n t  by po in t  i n  t h e  a c t i v e  r eg ion .  I n  F igu re  

9a a "sign-of-a" map h a s  been genera ted ;  t h i s  w a s  done by 

comparing t h e  observed azimuth of t h e  t r a n s v e r s e  f i e l d  ( i . e . ,  t he  

d i r e c t i o n  o n l y )  wi th  the  p o t e n t i a l  f i e l d .  This method o f  

de te rmining  the  s i g n  of a d i f f e r s  from t h e  m o r e  d i r e c t  method 

whereby the presence  of photospheric  c u r r e n t s  i s  i n f e r r e d  
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d i r e c t l y  from the measured c u r l  of 8 ,  as i n  Haisch e t  a l .  (1986) 

and deLoach e t  a l .  (1984) .  Here t h e  s e n s e  ( s i g n )  of the t w i s t  i s  

determined f o r  each p o i n t  i n d i v i d u a l l y .  W e  have l i m i t e d  

o u r s e l v e s  t o  reg ions  where t h e  t r a n s v e r s e  magnetic measurements 

are  w e l l  determined ( > 2 5 0  GI, though t h e  c e n t r a l  umbrae areas are 

ignored .  

Y e t  another  i n f e r e n c e  o f  the s i g n  of  can be obta ined  by 

comparing the f i b r i l  s t r u c t u r e  wi th  f i e l d  l i n e s  c a l c u l a t e d  from 

c o n s t a n t  a lpha  fo rce - f r ee  models. For t h i s ,  w e  have used  ano the r  

se t  of p r o j e c t e d  f i e l d  l i n e s  ( s i m i l a r  t o  t h o s e  shown i n  F igu re  

8b, except  f o r  s o m e w h a t  smal ler  va lues  of a lpha :  a = -0.5,  0.00, 

+ O .  5) and have compared t h e s e  wi th  t h e  H-alpha and Lyman-alpha 

f i b r i l  s t r u c t u r e .  Our r e s u l t s  are shown i n  F igure  9b wherein 

r e g i o n s  showing agreement between the p r e d i c t e d  f i e l d  and f i b r i l  

o r i e n t a t i o n s  are o u t l i n e d  a s  a f u n c t i o n  of  the s i g n  of  a .  

The photospher ic  sign-of-a map i n  F igu re  9a confirms o u r  

i n f e r e n c e s  drawn from inspec t ion  of  the s u p e r p o s i t i o n  of t h e  

observed photospher ic  t r ansve r se  f i e l d  and t h e  p o t e n t i a l  

t r a n s v e r s e  f i e l d  i n  F igu re  5a. I n  both  of  t h e s e  F igu res ,  w e  see 

t h a t  there  w a s  no d i s c e r n i b l e  o v e r a l l  t w i s t  i n  the f i e l d  i n  and 

around t h e  l a r g e  l ead ing  p o s i t i v e  p o l a r i t y  sunspot .  F igure  9a 

a l s o  shows the  e x t e n t  t o  which t h e  sense  of  t w i s t  corresponding 

t o  n e g a t i v e  a lpha  predominated a long  t h e  n e u t r a l  l i n e  and i n  t h e  

n e g a t i v e  p o l a r i t y  domain of the a c t i v e  r eg ion .  

T h e  chromospheric sign-of-a map i n  F igu re  9b shows 

predominance of nega t ive  a on bo th  s ides  of  the  n e u t r a l  l i n e  i n  

t he  i n t e r i o r  of the a c t i v e  region.  T h u s ,  t he  chromospheric 



21 

f i b r i l s  show an  o v e r a l l  t w i s t  t h a t  ag rees  i n  s i g n  wi th  t h e  

predominant t w i s t  seen i n  t h e  photospheric  f i e l d .  This r e s u l t  i s  

expected f o r  n e t  large scale cu r ren t  f lowing along t h e  f i e l d  

l i n e s  b u t  i n  t h e  oppos i t e  d i r e c t i o n ,  i . e . ,  from t h e  nega t ive  

p o l a r i t y  domain t o  t h e  p o s i t i v e  p o l a r i t y  domain of t h e  a c t i v e  

r eg ion .  

(d) Residual  F i e l d  f o r  t h e  Constant-Alpha Model 

I n  F igure  10a we show t h e  t r a n s v e r s e  f i e l d  f o r  t h e  cons tan t -  

a lpha  model having a = -0.5.  In Figure 10b w e  show t h e  r e s i d u a l  

f i e l d  f o r  t h i s  model, obtained by s u b t r a c t i n g  t h e  p o t e n t i a l  

f i e l d .  There i s  a clear p a t t e r n  of o v e r a l l  t w i s t  o r  c i r c u l a t i o n  

i n  t he  r e s i d u a l  f i e l d  i n  each of t h e  two oppos i t e  p o l a r i t y  

domains of  t h e  a c t i v e  reg ion .  T h i s  p a t t e r n  i s  c h a r a c t e r i s t i c  f o r  

cons tan t -a  models: t h e  r e s idua l  f i e l d  f o r  a = -1.0 i s  twice as 

s t r o n g  a s  i n  Figure 10b but  has t h e  same p a t t e r n .  

The a c t u a l  r e s i d u a l  f i e l d  of t h e  a c t i v e  reg ion ,  shown i n  

F igure  6 ,  h a s  much more small-scale  s t r u c t u r e  than  f o r  a 

cons tan t -a  model. T h i s  demonstrates t h a t ,  a l though t h e r e  i s  a 

predominant d i r e c t i o n  of t w i s t  i n  the a c t i v e  reg ion ,  t h e  va lue  

of a i s  f a r  from cons tan t  over t h e  a c t i v e  reg ion .  

V -  NON-POTENTIAL ENERGY IN THE OBSERVED FIELD 

For any fo rce - f r ee  f i e l d  of l i m i t e d  s p a t i a l  e x t e n t ,  a s  f o r  

an a c t i v e  reg ion ,  t h e  t o t a l  energy E. of t h e  f i e l d  above t h e  

photosphere i s  given by t h e  following i n t e g r a l  of t h e  

photospher ic  vec tor  f i e l d  (Low 1982b):  
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w h e r e  t h e  z a x i s  i s  v e r t i c a l .  Eva lua t ion  o f  t h i s  i n t e g r a l  over  

o u r  magnetogram g ives  

33 = 1.96 x 10 e r g .  ‘observed 

F o r  the p o t e n t i a l  f i e l d  computed from t h e  observed l o n g i t u d i n a l  

component of t h e  photospher ic  f i e l d ,  t h e  i n t e g r a l  g i v e s  

3 3  = 1.76 x 10 e r g ,  ‘ p o t e n t i a l  

which i n d i c a t e s  t h a t  t h e  non-potent ia l  magnetic energy i n  t h e  

a c t i v e  r eg ion  w a s  of o rde r  e r g .  

Evalua t ion  of  t h e  i n t e g r a l  w i t h  30 p e r t u r b a t i o n s  of t h e  

p o t e n t i a l  f i e l d  v e c t o r ,  i . e . ,  p e r t u r b a t i o n s  3 t i m e s  l a r g e r  t han  

t h e  observed n o i s e  l e v e l s  i n  the l o n g i t u d i n a l  and t r a n s v e r s e  

components, g i v e s  

3 3  = 1.95 x 10  e r g .  ‘ p o t e n t i a l  
w i t h  30 n o i s e  

T h u s ,  t h e  measured non-potent ia l  magnetic energy w a s  w e l l  above 

t h e  n o i s e ,  and w a s  probably an o r d e r  of  magnitude m o r e  t han  a l l  

t h e  energy r e l e a s e d  i n  t he  f l a r e s  t h a t  occurred  i n  this a c t i v e  

r eg ion  o n  t h i s  day. This  r e s u l t  a l so  i n d i c a t e s  t h a t  the p r e s e n t  

n o i s e  level i n  o u r  vec to r  f i e l d  measu remen t s  probably p r o h i b i t s  
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direct measurement of the eneregy extracted f r o m  the field by a 

flare except for the very largest flares, in which the total 

energy released is of order erg. Reduction of the noise 

level in the vector measurements by an order of magnitude, as 

could be achieved by a vector magnetograph of higher resolution, 

e.g. in space, may allow direct measurement of the magnetic 

energy change in many flares. But the total net current of an 

active region can provide a measurable lower limit of the energy, 

as obtained above. 

VI. SUMMARY AND CONCLUSIONS 

We have intercompared a unique coordinated data set 

consisting of vector maynetograms, H-alpha photographs, and high 

resolution ultraviolet images of an active region. 

data and mathematical models to calculate potential and force- 

free magnetic field lines we have examined the non-potential 

nature-of the active region structure. 

Using these 

(1) Our measurements of the photospheric magnetic field in 

this active region satisfied to within 10% the theoretical 

requirement for any isolated force-free field that the area 

integrals of the squares of the transverse and longitudinal field 

components be equal. This is an indication that the field in 

this active region was in fact nearly force free and that the 

bulk of the large-scale photospheric vector field was correctly 

measured. 

(2) The observed photospheric transverse field and the H- 

alpha and Ly-alpha chromospheric fibrils were all roughly aligned 
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wi th  each o t h e r  and with t h e  p o t e n t i a l  f i e l d  c a l c u l a t e d  from t h e  

observed l o n g i t u d i n a l  f i e l d .  However, t h e r e  w e r e  clear examples 

of  d e f i n i t e  non-potent ia l  d i f f e rences  between t h e  photospher ic  

t r a n s v e r s e  f i e l d  and t h e  chromospheric f i b r i l s  and between t h e  

H-alpha and Ly-alpha f i b r i l s .  I n  one a r e a  t h e r e  w a s  a -30 degree 

r o t a t i o n  between t h e  photospheric  t r a n s v e r s e  magnetic f i e l d  and 

t h e  H-alpha f i b r i l s ;  and another -30 degree r o t a t i o n  between t h e  

H-alpha and Lyman-alpha f i b r i l s .  This  was a f l a r e  s i t e .  

( 3  Comparison of t h e  observed photospher ic  t r a n s v e r s e  f i e l d  

wi th  t h e  computed p o t e n t i a l  t r ansve r se  f i e l d  showed t h a t ,  a long 

t h e  n e u t r a l  l i n e  and i n  t h e  negative p o l a r i t y  h a l f  of t h e  o v e r a l l  

b i p o l e ,  the  observed f i e l d  o n  average had a c lockwise r o t a t i o n  

wi th  r e s p e c t  t o  t h e  p o t e n t i a l  t r a n s v e r s e  f i e l d .  This  o v e r a l l  

t w i s t  w a s  confirmed both by the s ign-of-a  map f o r  t h e  observed 

photospher ic  f i e l d  and by t h e  sign-of-a map cons t ruc t ed  from t h e  

observed chromospheric f i b r i l s .  T h e  d i r e c t i o n  of t h e  ne t  t w i s t  

corresponded t o  ne t  c u r r e n t  arching over  the n e u t r a l  l i n e  by 

f lowing a n t i - p a r a l l e l  t o  t h e  magnetic f i e l d  l i n e s .  The average 

d e n s i t y  of t h i s  n e t  c u r r e n t  was of o rde r  4 x 

t o t a l  n e t  c u r r e n t  was of order  3 x 10l2 amp. 

amp m-* and the  

( 4 )  T h e  map of t h e  r e s idua l  f i e l d ,  i . e . ,  the  d i f f e r e n c e  

between t h e  observed photospheric  t r a n s v e r s e  f i e l d  and t h e  

p o t e n t i a l  t r a n s v e r s e  f i e l d ,  and the s ign-of-a  maps showed t h a t  

t h e  non-po ten t i a l i t y  of the  observed f i e l d  had much more 

s t r u c t u r e  than f o r  a constant-a f i e l d .  Alpha changed s i g n  over 

t h e  a c t i v e  r eg ion ,  and t h e  observed r e s i d u a l  f i e l d  p a t t e r n  had 

l i t t l e  resemblence t o  a constant-a r e s i d u a l  f i e l d  even i n  the  
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r eg ions  where a kept  one s ign .  

( 5 )  The observed r e s i d u a l  f i e l d  showed t h r e e  areas of 

enhanced non-po ten t i a l i t y  i n  t h e  i n t e r i o r  of t h e  a c t i v e  reg ion .  

One of  t h e s e  was t h e  s i t e  of t h e  c l e a r  r o t a t i o n  of t h e  f i e l d  

d i r e c t i o n  wi th  h e i g h t .  Within a few hours  of t h e  f i e l d  

o b s e r v a t i o n s ,  a f l a r e  occurred i n  t h i s  a r e a  and another  f l a r e  

occurred  i n  one of t h e  o t h e r  a reas  of enhanced non-po ten t i a l i t y .  

( 6 )  The t o t a l  non-potent ia l  energy p r e s e n t  i n  t h e  a c t i v e  

r eg ion  w a s  measured t o  be of order  lo3* e r g ,  ample f o r  the  f i v e  

smal l  f l a r e s  t h a t  occurred i n  t h i s  a c t i v e  reg ion  over  t h a t  day, 

bu t  on ly  3 0  above t h e  measurement no i se .  T h i s  shows t h a t  t o  

measure the magnetic energy changes wrought by any bu t  t h e  

l a r g e s t  f l a r e s  r e q u i r e  much improvement i n  t h e  accuracy of the 

v e c t o r  f i e l d  measurements. A major hindrance t o  measurement 

accuracy i s  t h e  known subarcsecond s t r u c t u r e  of t h e  photospheric  

f i e l d  and the see ing- l imi ted  r e s o l u t i o n  of about  l", a t  best ,  

t h a t  can r o u t i n e l y  be achieved i n  magnetograms from t h e  ground a t  

t h e  best observing s i t e s .  T h i s  i n d i c a t e s  t h e  need f o r  a vec tor  

magnetograph i n  space.  
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Figure  1. The a c t i v e  region 2684 on 23 September 1980 i s  

shown i n  t h e  l e f t  h a l f  of  four  photographs: ( a )  Off-band H-alpha 

(H-alpha - 1 . 4  A )  t aken  a t  20:02 UT by Herzberg I n s t i t u t e  of 

As t rophys ic s  ( H I A ) .  ( b )  UV-continuum (1600 A )  t aken  between 

20:25-20:30 UT by t h e  LPSP TRC. ( c )  Line-center  H-alpha t aken  a t  

19:40 UT by HIA.(d) Lyman-alpha taken  i n  t h e  s a m e  t i m e  frame as 

( b ) .  The r eg ion  shown i s  200"x260". The box i n  ( a )  i s  t h e  area 

s t u d i e d  i n  t h i s  paper .  Se lec ted  b r i g h t  p o i n t s  from ( b )  and 

f i b r i l s  from (c) and ( d )  a r e  shown i n  F igu re  3. W e s t  i s  up and 

sou th  i s  t o  t h e  r i g h t .  

F igu re  2 .  The MSFC vector  magnetograph d a t a  (15~05-15: lO 

UT) i s  d i s p l a y e d  as: ( a )  t h e  t o t a l  magnetic f i e l d  i n t e n s i t y  

c o n t o u r s  a t  i n t e r v a l s  of 250 G ,  ( b )  t h e  l o n g i t u d i n a l  magnetic 

f i e l d  con tour s  a t  200 G i n t e r v a l s  w i th  t h e  nega t ive  contours  

dashed and t h e  f i r s t  s o l i d  contour a t  0 G be ing  t h e  n e u t r a l  l i n e  

( c . f .  w i t h  ( a ) ) ,  ( c )  contours  of t h e  t r a n s v e r s e  f i e l d  s t r e n g t h  a t  

100 G i n t e r v a l s  s t a r t i n g  200  G ,  and ( d )  t h e  t r a n s v e r s e  vec to r  

f i e l d  above 200 G wi th  t h e  Bz n e u t r a l  l i n e .  The f i e l d  of  view 

h e r e  (125" x 2 0 0 " )  i s  t h e  box i n  F igu re  l a ;  t h e  magnetic d a t a  are  

from a subsec t ion  of t h e  f u l l  (640" x 640") magnetogram. The 

t i c k  marks a long  t h e  edges of t h e  p a n e l s  h e r e  and i n  subsequent  

F igu res  a r e  2.5" a p a r t  and a re  cen te red  on r o w s  o r  c o l u m n s  of  

p i x e l s  i n  t h e  magnetogram. The l a r g e  sunspot  i n  F igure  l a  i s  t h e  

s t r o n g e s t  p o s i t i v e  region.  

F igu re  3 .  ( a )  The f i b r i l  s t r u c t u r e  of t h e  H-alpha (---- 1 

and Ly-alpha (-) observa t ions  o f  F igu re  1 and s e l e c t e d  b r i g h t  
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p o i n t s  (0) seen  i n  the uv-continuum (lb) are shown superposed on  

t he  l o n g i t u d i n a l  magnetic f i e l d  c o n f i g u r a t i o n .  T h e  500 Gauss 

con tour s  and the n e u t r a l  l i n e  ( i . e . l  the z e r o  B, con tour )  are  

shown. I n  ( b )  t h e  t r a n s v e r s e  magnetic f i e l d  v e c t o r s  are  shown 

( ~ ~ ' 2 0 0 ) .  I n  the reg ion  poin ted  t o  by the arrow i n  ( a )  ( r e g i o n  A 

i n  F i g u r e  51, the p r o g r e s s i v e  change i n  d i r e c t i o n  f r o m  the  

photospheric t r a n s v e r s e  f i e l d  t o  the  H-alpha f i b r i l s  t o  the 

Lyman-alpha f i b r i l s  i n d i c a t e s  a t w i s t i n g  of t h e  magnetic f i e l d  

w i t h  h e i g h t .  I n  m o s t  other reg ionsI  the d i r e c t i o n s  of t h e s e  

t h r e e  i n d i c a t o r s  are  more near ly  a l igned .  T h i s  i n d i c a t e s  t h a t  

the  f i e l d  i n  reg ion  A i s  more non-potent ia l  t han  i n  m o s t  other 

areas o f  t h e  a c t i v e  reg ion .  

F i g u r e  4. Ha photograph of the a c t i v e  r eg ion  a t  1745 U T ,  

w i t h  the  n e u t r a l  l i n e  and contours  from our  l o n g i t u d i n a l  

magnetogram superposed. T w o  s m a l l  f l a r e s  are  i n  p rogres s .  One, 

n e a r  t h e  l ead ing  sunspot ,  is i n  the  area of  non-potent ia l  f i e l d  

p o i n t e d  o u t  i n  F igure  3 .  The o t h e r  f l a r e  i s  near  a t r a i l i n g  

sunspot :  o u r  measurements o f  the  photospher ic  v e c t o r  magnetic 

f i e l d  show t h a t  t h e  f i e l d  i n  t h i s  area w a s  a l s o  markedly non- 

p o t e n t i a l .  The photograph i s  from t h e  SOON Observatory a t  

Holloman A i r  Force Base. T h e  f i e l d  of view i n  t h i s  F igu re  i s  

90"x165". 

Figure  5 .  ( a )  Comparison of t h e  computed p o t e n t i a l  

t r a n s v e r s e  f i e l d  wi th  t h e  observed t r a n s v e r s e  f i e l d .  The 

p o t e n t i a l  vec to r s  are  those  w i t h  arrowheads. T h e  observed f i e l d  

i s  s e e n  t o  be only  mi ld ly  non-potent ia l .  The  l a r g e r  d e p a r t u r e s  

i n  d i r e c t i o n  from the p o t e n t i a l  f i e l d  a re  a long  the n e u t r a l  l i n e  
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and i n  t h e  nega t ive  p o l a r i t y  ha l f  of t h e  a c t i v e  r eg ion  and are  

predominant ly  clockwise.  The length  of t h e  vec to r  i s  

p r o p o r t i o n a l  t o  t h e  s t r e n g t h  of t h e  t r a n s v e r s e  f i e l d ;  t h e  

s h o r t e s t  v e c t o r s  shown a r e  for 200 G a u s s .  N o  t r a n s v e r s e  f i e l d  is 

shown i n  t h e  c e n t r a l  a r e a s  of t h e  sunspots  where t h e  l o n g i t u d i n a l  

f i e l d  exceeds 1500 Gauss ,  because t h e  darkness  of t h e  umbra i n  

combination wi th  t h e  s c a t t e r e d  l i g h t  i n  the magnetograph make t h e  

t r a n s v e r s e  f i e l d  measurements suspec t  t h e r e .  (b) The p o t e n t i a l  

f i e l d  l i n e s  a s  c a l c u l a t e d  f r o m t h e  l o n g i t u d i n a l  f i e l d  are seen 

p r o j e c t e d  unto t h e  photosphere.  The f i e l d  l i n e  p r o j e c t i o n s  are 

s e e n  t o  be a l i g n e d  f a i r l y  w e l l  wi th  t h e  t r a n s v e r s e  p o t e n t i a l  

f i e l d  v e c t o r s  of t h e  photosphere.  I n  p a r t i c u l a r ,  t h e r e  i s  good 

al ignment  i n  reg ion  A .  The footpoin ts  f o r  t h e  f i e l d  l i n e  a r e  a t  

s e l e c t e d  UV-continuum b r i g h t  po in t s .  

F igure  6 .  The r e s i d u a l  f i e l d  ( E  observed f i e l d  minus  

p o t e n t i a l  f i e l d )  i n  t h e  i n t e r i o r  of t h e  a c t i v e  reg ion .  The lower 

c u t o f f  va lue  i s  200 Gauss. The observed f i e l d  i s  most non- 

p o t e n t i a l  i n  the  a r e a s  where t h e  r e s i d u a l  f i e l d  i s  g r e a t e s t .  Two 

of t h e  t h r e e  s t r o n g e s t  l o c a l  maxima i n  t h e  r e s i d u a l  f i e l d  a r e  the 

s i t e s  of t h e  two s u b f l a r e s  shown i n  Figure 4 .  

F igure  7 .  The t r a n s v e r s e  vec to r  f i e l d  f o r  c o n s t a n t  a lpha  

fo rce - f r ee  f i e l d  models ( c . f . ,  A l i s sandrak i s  1981) f o r  a lpha  

va lues  of ( a )  a = 0.0 ( p o t e n t i a l ) ,  (b) a = -1.0, and ( c )  a = 

- 2 . 0 .  The alpha value u n i t s  are  0 . 2 7 ~ 1 0 - ~ m - ~ .  Negat ive va lues  

of a produce the d i r e c t i o n  of o v e r a l l  t w i s t  s e e n  i n  t h e  observed 

f i e l d ;  a = -1 .0 produces roughly t h e  observed magnitude of t w i s t  

( s e e  F i g u r e s  2d and S a ) .  
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Figure  8 .  ( a )  The range of d i r e c t i o n s  of t h e  computed 

t r a n s v e r s e  vec to r  f i e l d  for alpha a = +1 t o  -1 (b) The v a r i a t i o n  

of t h e  f i e l d  l i n e  t r a j e c t o r i e s  f o r  a = +1, 0 . 0 ,  and -1 f o r  a 

s e l e c t e d  s u b s e t  of f o o t p o i n t s  ( c f .  F igure  5b). 

Figure  9 .  ( a )  The sign-of-alpha map genera ted  by comparing 

t h e  observed photospher ic  t r ansve r se  f i e l d  azimuth d i r e c t i o n  wi th  

t h e  p o t e n t i a l  ( a  = 0 )  f i e l d  d i r e c t i o n .  T h e  observed t r a n s v e r s e  

f i e l d  c u t o f f  i s  250 G .  The a = 0 bandwidth used w a s  0.04. (b) 

Sign-of-alpha map generated by  comparing t h e  f i b r i l  s t r u c t u r e  of 

H-alpha and Ly-alpha wi th  constant-a  f i e l d  l i n e  p r o j e c t i o n s .  The 

s ign-of-alpha values  w a s  decided according t o  w h i c h  of t h r e e  

computed f i e l d  l i n e s  ( f o r  a = -0.5, 0 . 0 ,  and 0 . 5 )  a l igned  b e s t  

w i t h  t h e  observed f i b r i l s  a t  t h e  same s i t e .  Alignment worse than 

45 degrees  f o r  a l l  t h r e e  l i n e s  i s  c a l l e d  "no match" and i s  

i n d i c a t e d  by c ross  ha tch ing .  These maps confirm our  in fe rence  

from Figure  S a  t h a t  t h e  f i e l d  i n  t h e  i n t e r i o r  of t h e  a c t i v e  

reg ion  had a n e t  o v e r a l l  t w i s t  corresponding t o  n e t  c u r r e n t  

f lowing a n t i - p a r a l l e l  t o  t h e  magnetic f i e l d .  

9 

F i g u r e  10 .  ( a )  Transverse f i e l d  f o r  t h e  constant-alpha 

model w i t h  a = -0.5. (b) The r e s i d u a l  f i e l d  obta ined  by 

s u b t r a c t i n g  t h e  p o t e n t i a l  f i e l d  from cons tan t -a lpha  non-potent ia l  

f i e l d  i n  ( a ) .  T h e  m i n i m u m  t r ansve r se  f i e l d s  shown a r e  200 Gauss 

i n  ( a )  and 50 G a u s s  i n  ( b ) .  Comparison of the r e s i d u a l  f i e l d  

p a t t e r n  i n  (b) with  t h a t  of t h e  a c t u a l  r e s i d u a l  f i e l d  i n  Figure 6 

shows t h a t  t h e  a of t h e  observed f i e l d  i s  f a r  from cons tan t  over 

t h e  a c t i v e  reg ion .  
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